ABSTRACT: Two crystal polymorphs of 1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione (curcumin) have been obtained by crystallization from ethanol solution. The polymorphs have been characterized by DSC, IR spectroscopy and XRPD and shown to be the previously described forms I and III. The solubility of both polymorphs in ethanol and of one polymorph in ethyl acetate has been measured between 10°C and 50°C with a gravimetric method. Primary nucleation of curcumin from ethanol solution has been investigated in 520 constant temperature crystallization experiments in sealed, magnetically stirred vials under different conditions of supersaturation, temperature and agitation rate. By a thermodynamic analysis of the melting data and solubility of form I, the solid state activity is estimated from 10°C up to the melting point. The solubility is lower in ethanol than in ethyl acetate, and in both solvents a positive deviation from Raoult's law is observed. Form I has lower solubility than form III and is accordingly thermodynamically more stable over the investigated temperature interval. Extrapolation of solubility regression models indicates that there should be a lowtemperature enantiotropic transition point, below which form I will be metastable. By slurry conversion experiments it is established that this temperature is below -30°C. All nucleation experiments resulted in the stable form I. The induction time is observed to decrease with increasing agitation rate up to a certain point, and then increase with further increasing agitation rate; a trend previously observed for other compounds. By correlating the induction time data obtained at different supersaturation and temperature, the interfacial energy of form I in ethanol is estimated to be 3.0 mJ/m 2 .
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INTRODUCTION
Crystallization from solution is a common unit operation in many branches of chemical industry.
In the industrial production of pharmaceutical compounds, crystallization is repeatedly used to separate and purify intermediates, and is of major importance for the purification of the final product. In an unseeded crystallization process, primary nucleation is of crucial importance for the resulting product properties. The underlying mechanisms of this process are currently not well understood, making nucleation notoriously unpredictable, case-dependent and difficult to scale up. Having control of nucleation is necessary in order to be able to control particle size, size distribution and polymorphic form. Nucleation is known to be affected by many factors, such as agitation, temperature and supersaturation. 1 Because of the strong non-linear dependence on supersaturation, knowledge of the solid-liquid solubility of the compound to be crystallized is a necessary prerequisite.
Curcumin, with chemical name 1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione and common name diferuloylmethane, is a major active component of the spice turmeric (Curcuma longa) of known pharmacological activity. [2] [3] [4] Commercially available curcumin also contains two other curcuminoids, demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC), apart from traces of oils and resins from the natural turmeric product. These three curcuminoids differ somewhat in chemical structure and reported melting points, 5 Table 1 . Poor aqueous solubility has severely limited the pharmaceutical applications of curcumin. Different approaches have been attempted to improve the solubility in water, such as formation of cocrystals 6 and inclusion complexes. 7 The crystal structure of the polymorph known as form I was first reported by Tonnesen et al. 8 and has since been redetermined by several groups. The structures of two other polymorphs (forms II and III) were recently reported by Sanphui et al. 9 In this work, two polymorphs of curcumin have been produced and characterized and the solubility of both polymorphs in ethanol and of form I in ethyl acetate measured. Solubility and calorimetric data is combined in an analysis of the thermodynamic stability relationship of the two polymorphs from below ambient temperature up to the melting point. Furthermore, primary nucleation of curcumin crystals from ethanol solution has been studied by measurement of the induction time in repeat experiments in small vials under different conditions. The results are analyzed and discussed with regard to the influence of supersaturation and agitation on primary nucleation of this compound.
EXPERIMENTAL SECTION

Materials and purification
Ethanol (EtOH) of 99.7% purity was purchased from Solveco. Ethyl acetate (EA) of 99.8% purity was purchased from VWR.
Curcumin (CAS no: 458-37-7) of 90% nominal purity (acidimetry) was purchased from Merck, and was further purified before use by means of a double recrystallization from ethanol solution. Commercial curcumin was dissolved to saturation in ethanol at 70°C in a sealed flask agitated by a magnetic stir bar, and the solution was then rapidly cooled down to 10°C. Within minutes the solution became faintly cloudy, and was filtered (PTFE membrane, pore size 1 µm) into a fresh flask. The filtered particles were analyzed with DSC and IR, and proved to be a low-soluble impurity. The clear solution was heated to 70°C for 1 hour and then rapidly cooled to 10°C and kept at this temperature. Crystallization occurred within 12 h. After filtration and drying, the resulting crystals were subsequently dissolved in ethanol at 70°C and recrystallized a second time by cooling to 10°C. The curcuminoid composition of the commercial material and the crystals obtained by recrystallizing once and twice from ethanol, respectively, were analyzed using high-performance liquid chromatography (HPLC), Table 1 . The analysis shows that the area fraction with respect to curcumin improved with each recrystallization step, from an initial area fraction value of 82% to 90% and 96%, respectively. The commercial material has a stated purity (acidimetric) of ≥ 90%. Accordingly, if this value is used as a calibration to the area fractions the material recrystallized twice should have a mass purity close to 98%.
Characterization
Crystal samples have been analyzed and characterized using differential scanning calorimetry (DSC), infrared spectroscopy (IR), and X-ray powder diffraction (XRPD). DSC thermograms were collected using a TA instruments MDSC 2920 with a heating rate of 10°C/min from 20°C to 220°C under nitrogen purge. XRPD diffractograms were collected at room temperature between 5° and 40° (2θ) using a PANalytical X'pert Pro diffractometer and a PANalytical Empyrean diffractometer operated in transmission mode, both instruments using CuΚα radiation. IR spectra were obtained using a Perkin Elmer Spectrum One with an attenuated total reflectance (ATR) module equipped with a ZnSe-crystal window, over a scanning range of 650-2000 cm -1 and with a resolution of 4 cm -1 .
Solubility
A gravimetric method was used to measure the solubility of the curcumin polymorphs in pure organic solvents. Saturated solutions in contact with excess crystalline material were prepared in sealed flasks, immersed in a temperature-controlled water bath and agitated by magnetic stir bars. Before sampling, excess crystals were allowed to settle briefly. Empty glass vials were weighed, and then filled with approx. 3-5 ml of the saturated solution using syringes and PTFE membrane filters (pore size 5 μm), and the weight of the full vial was immediately recorded. The vials containing clear solution were placed in a fume hood at room temperature and weighed repeatedly until completely dry. The solution concentration C was determined from the weights of the empty vial (mempty), the vial with solution (mfull), and the weight of the vial containing the dried solids (mdry):
Samples were collected over the temperature range 10°C-50°C in increments of 5°C. In order to ensure that equilibrium was attained by dissolution, the pure solvent was pre-cooled to 10°C before solid curcumin was added. Multiple samples from two separate solutions were collected, and the procedure was repeated at different times in order to ensure that equilibrium had been attained. All syringes, needles and filters used for sampling were preheated at 55°C in order to exceed the temperature of the solution and preclude crystallization during sampling.
Nucleation experiments
Nucleation induction times of curcumin in ethanol were measured using a multi-vial experimental set-up described in a previous contribution. 10 In each run, 20 vials were operated in parallel, held in a specially designed multi-vial rack. Each vial (diameter 25 mm, height 60 mm) was filled with 10 ml of solution and furnished with a PTFE-coated magnetic stir bar (length 20 mm, thickness 6 mm, with a central pivot ring). The vials were placed on a multi-pole magnetic driver unit (2mag) submerged in a temperature-controlled water bath (Julabo FP50). Saturated curcumin solutions were prepared in 500 ml bottles and then filtered through PTFE membrane filters (pore size 5 μm) into the vials, which were immediately capped. Initially, the temperature was kept 10°C above the saturation temperature (Tsat) for 2 h in order to ensure complete dissolution. The entire rack of vials was then moved to a second water bath at a lower temperature (Tnucl) in order to rapidly create the desired supersaturation. A Sony HDR-XR200 high-resolution digital camcorder was used to record the experiment for analysis. In this work, the induction time, tind, for each solution vial is taken as the time from the point of immersion of the vials into the nucleation water bath at T nucl until nucleation could be visibly detected in the video recording. The time required to effect 95% of the total cooling temperature change of the solutions was verified to be less than 2 minutes, and the specified temperature stability of the bath is ±0.1°C. Within a few seconds of the initial visible onset of nucleation in a vial, the solution would turn clearly turbid, allowing determination of the point of nucleation with good precision from the video recording, with an expected uncertainty much smaller than the variation in induction time between vials. All solution concentrations were verified gravimetrically. 11 The nucleation experiments were conducted at several different temperatures and levels of supersaturation. In addition, seven agitation rates were studied, viz. 100, 200, 400, 600, 800, 1000 and 1200 rpm. 40 repeat experiments (2 times 20 parallel vials) were performed for each set of experimental conditions.
RESULTS AND DISCUSSION
Polymorph characterization
Two polymorphs of curcumin were found in this study, produced in different batches by recrystallization from ethanol solutions as described in the experimental section. These crystallizations generally resulted in the commercially supplied form I, unless solutions of the second recrystallization step were seeded at 10°C with small amounts of crystals of the other polymorph from a previous batch. The two polymorphs are easily distinguishable from one another by their color, both in the solid state and in ethanol solution: form I is yellow-orange and the other polymorph is red-orange (images available in supporting information).
Representative XRPD diffractograms and IR spectra of the two obtained polymorphs are shown in Figure 1 a-b. With respect to form I, they match those reported by Sanphui et al. 9 The XRPD diffractogram of the other polymorph closely matches the theoretical pattern calculated from the crystal structure of the reported form III of Sanphui et al. 9 Similarly, the IR spectrum matches that reported for form III. Form II described by the same authors has a strong structural similarity to form III, and consequently its XRPD pattern and IR spectrum are fairly similar to those of form III. Important XRPD pattern differences are primarily found in the 2θ-regions around 26-27° and 14°, while the IR spectra differ with respect to the C=O stretch peak (1628 for form III, 1652 for form II) and the phenol C-O peak (1417 for form III, 1427 for form II). Observing these and other differences, it is concluded that the second polymorph obtained in this work is the form III of Sanphui et al. 9 Form II was not obtained at all during this work.
Representative DSC scans of the two polymorphs are shown in Figure 1 c. The thermogram of form I has only one endothermic peak (1) . Based on the average of three runs, the extrapolated onset melting temperature of form I has been determined to be 181.2°C (standard error 0.80°C), with an associated enthalpy of melting of 46 kJ/mol (standard error 2.5 kJ/mol). The thermogram obtained for form III has two endothermic peaks, and shows no sign of any transformation preceding the onset of the first endotherm. Based on six averaged runs, the extrapolated onset melting temperature of form III is 174.2°C (standard error 0.43°C). As the form II melting peak (2) was always followed by a second melting peak (3, usually smaller) of form I, presumably as a result of heat-induced polymorph transformation and/or recrystallization upon melting of form II, the enthalpy of fusion of form II could not be determined from these measurements. The melting points of both polymorphs match reasonably well with values reported by Sanphui et al; 9 the peaks observed in this work are somewhat narrower, with onset temperatures a few degrees higher.
Solubility of curcumin polymorphs
The solubility of form I was determined between 10°C and 50°C in ethanol and ethyl acetate. For measurements of the solubility of form III, the solid material at equilibrium with the solution was analyzed with IR spectroscopy in connection with each sampling, in order to verify that no transformation had taken place. The solubility of form III was successfully determined between 10°C and 35°C and at 50°C in ethanol before transformation into form I occurred, but could not be measured in ethyl acetate within this temperature range because of rapid transformation into form I. For each solution at each temperature, at least four samples were collected after verified attainment of equilibrium. The solubility expressed as mole fraction is well correlated to temperature by a simple non-linear function of three parameters, eq. 2, where T is the absolute temperature and c1, c2 and c3 are regression coefficients. The solubility as mass concentration on pure solvent basis is given in Table 2 , together with the resulting coefficients of eq. 2 and the associated goodness of fit, χ 2 . Figure 2 shows the experimental solubility data and regression curves. The solubility curves of the two polymorphs in ethanol appear to be converging towards a thermodynamic transition point with decreasing temperature. Extrapolation based on eq. 2 and the coefficients in Table 2 results in an estimated transition temperature of -5°C, which however has to be regarded as a crude estimation because of the empirical nature of the regression equation used. Slurry conversion experiments have been carried out at -10°C and at -30°C, in ethanol and in ethyl acetate solution, respectively. A surplus of solid form I and form III where mixed into solution and gradual changes in suspension color and in IR spectra of samples of the solids were recorded. These experiments all resulted in slow transformation of form III into form I, showing that the transition temperature is located below -30°C. It should be noted that reports of enantiotropic systems with sub-ambient transition temperatures are rare in the literature, with paminobenzoic acid being one other well-known case. 12 According to published crystal structure data, 9 the density of form III is higher than form I, as would be expected if form III is the stable phase at low temperatures. Furthermore, as the density of the third known polymorph, form II, is also higher than that of form I, while its reported melting point is lower, it is likely that forms I and II also form an enantiotropic pair.
In a recent contribution, 13 various strategies for how experimental solubility data can be extrapolated upwards in temperature to the melting point, depending on the availability of various experimental calorimetric data, were demonstrated and discussed. The core of the proposed semi-empirical models is the separation of the temperature dependence of the activity of the solute from that of the activity coefficient of the saturated solution. Solid-liquid solubility data can then be correlated to temperature based on the function: eq s eq eq eq ln ln ln ln ln
aeq represents the activity of the solute in a saturated solution, which is equal to the activity of the pure solid phase, a s , if the same reference state is used. If the pure, supercooled melt at the same temperature is used as reference state, the activity of the solid phase can be modelled as:
In eq. 4, the heat capacity difference between the solid and the supercooled melt is approximated by a constant value q independent of temperature and solvent. The activity coefficient at saturation is expressed by a scaled Weibull distribution:
  This function captures the characteristic S-shape of the activity coefficient at equilibrium as a function of temperature while obeying thermodynamic boundary conditions at the melting point, making it suitable for correlating solubility data for interpolation as well as extrapolation purposes. 13 For form I, the melting temperature and its associated enthalpy of fusion has been determined in the present work, together with the solubility between 10°C and 50°C in two solvents, ethanol and ethyl acetate. However, due to sublimation and partial decomposition it was not possible to determine the difference in heat capacity between the solid and the melt. In the regression of solubility data, the common parameter q and the parameters c4, c5 and c6 for the solute in each of the two solvents have been determined by minimizing the total RMS of the residuals in ln xeq over data at all temperatures in both solvents simultaneously. The resulting parameters are listed in Table 2 , and the residuals (calculated as ln xeq,experimental -ln xeq,regressed) obtained at different temperatures in the two solvents are plotted in Figure 3 . The residuals are well distributed as a whole as well as for each solvent. The constraint placed on the c6-parameter in both cases results in it receiving the minimum value of 2 in the optimization. It should be noted that if eq:s 3-5 are instead fitted to the data in each solvent separately for determination of all four parameters, there is only an infinitesimal improvement in the goodness of fit, and the resulting q-values (227.1 and 230.9) from the data in ethanol and ethyl acetate, respectively, are quite close to the value given in Table 2 . As the enthalpy of fusion of form III could not be accurately determined, no similar regression of the solubility of this polymorph was undertaken. Figure 4 shows the experimental solubility data of both polymorphs in a van't Hoff plot, i.e. as the natural logarithm of the mole fraction solubility vs. the reciprocal of the absolute temperature, together with the melting temperatures. For form I, regression curves are based on eq:s 3-5 while for form III the regression based on eq. 2 is shown over the experimental temperature range only. The activity of form I was obtained using eq. 4.
It is often suggested that van't Hoff plots can be assumed to be straight lines. It is noteworthy that the three curves representing data for curcumin solutions all exhibit a clear non-linearity, i.e. the apparent (or van't Hoff) enthalpy of solution varies with temperature. It can be seen that the solubility in both solvents is significantly below ideality, given by the activity of the pure solid. This positive deviation from Raoult's law reflects the difference in size as well as functionality between the curcumin molecule and the two smaller, more polar solvent molecules. Furthermore, whether expressed as mass ratio or as mole fraction, the solubility of form I is significantly higher in ethyl acetate than in ethanol. The presence of both polar and non-polar functionality in the curcumin molecule makes it more chemically similar to ethyl acetate, which is consequently expected to be a better solvent than ethanol.
Nucleation experiments
13 series of 40 repeat nucleation experiments each have been performed in ethanol, under different conditions of temperature Tnucl, saturation temperature Tsat, supersaturation mole fraction ratio S, and agitation rate N. A table detailing the experimental conditions and results of each series is provided as supporting information.
All experiments resulted in nucleation of pure form I, as determined by visual inspection of the slurry color as well as IR spectroscopy of filtered crystals. Each series resulted in a relatively wide distribution of induction times, ranging from a few minutes up to 2 hours occasionally. As a result of the small difference in solubility, there is a very small difference in the driving force for nucleation calculated with respect to the two polymorphs, in particular for the experiments carried out at a low nucleation temperature. Apparently, in this solvent and under these conditions, nucleation of form III is much more obstructed than nucleation of form I. However, in a set of preliminary experiments with a similar setup, using curcumin of lower purity (recrystallized only once from ethanol solution), a distribution of form I and form III was obtained, with each vial nucleating either pure form I or form III. Although the crystallization conditions were not completely identical, nucleation of the lower-purity solutions was generally somewhat faster than for solutions of higher purity, indicating that lower solution purity could favor nucleation of form III.
In six of the experimental series, all with an agitation rate of 200 rpm, the temperature and supersaturation differed, resulting in different thermodynamic driving force for nucleation, approximated as RT ln S. Figure 5 shows cumulative induction time distributions of the individual experiments of these series. The coefficient of variation (CV) is ranging between 0.36 and 0.53, decreasing weakly with increasing driving force.
The influence of the supersaturation on the induction time for nucleation of form I has been evaluated according to the classical nucleation theory, where the rate of formation of spherical primary nuclei is given by: where σ denotes the solid-liquid interfacial energy, υm the molecular volume, and k the Boltzmann constant. The exponential term represents the free energy barrier for nucleus formation, while the pre-exponential factor An can be considered as a kinetic parameter. If the induction time is assumed to be inversely proportional to the nucleation rate, eq. 6 can be rewritten as:
where A is proportional to the pre-exponential factor An and B is equal to 16πσ S. Data is reasonably well correlated by a straight line (R 2 = 0.87), giving A = 2.7×10 -2 s -1 and B = 3.3×10 7 K 3 . According to eq:s 6-7, the interfacial energy of form I crystals in ethanol can be calculated from the slope of the regression line, B, resulting in σ = 3.0 mJ/m 2 . This analysis assumes i) that all data relates to a single nucleation mechanism, and ii) that the temperature dependence of σ is negligible over the investigated range. The linear appearance of data overall, with allowance for the uncertainty in the mean values, suggests that these assumptions are acceptable. However, considering the data points in Figure 6 a, the possibility of a mechanism shift over the range of experimental data, which would result in a change of slope of the regression line, cannot be ruled out. An alternative analysis covering only the five data points at higher supersaturation results in a marginal improvement in the linear regression (R 2 = 0.92), and values of A = 4.8×10 -2 s -1 , B = 5.9×10 7 K 3 , and σ = 3.6 mJ/m 2 .
It has been shown for other pharmaceutically relevant compounds from organic solutions that primary nucleation can depend on the fluid shear induced by the agitation. 10, 15 The influence of the agitation rate of the magnetic stir bar on the induction time has been investigated in seven experimental series, differing with respect to agitation rate (between 100 and 1200 rpm) but under otherwise identical conditions. The agitation rate has no apparent systematic influence on the coefficient of variation of measured induction times. As shown in Figure 6 b, with increasing agitation rate, the mean induction time initially decreases and then increases after reaching a minimum value. This trend is similar to what has been observed for butyl paraben 10 and mhydroxybenzoic acid. 15 For low and medium agitation rates, it is statistically verified that the mean induction time decreases with agitation rate. As discussed elsewhere, 10 we hold that the most likely mechanism explaining this behavior is that the aggregation of molecular clusters in solution is enhanced by increased agitation. At higher agitation rates, the mode of rotation of the stir bar can be observed to change, as evaluated in previous work, 15 and this is likely the explanation for the increasing induction times observed with increasing agitation rate from N = 800 rpm and higher for curcumin in ethanol solution.
CONCLUSIONS
It is shown how curcumin can be purified by repeated recrystallization from ethanol solution. Two polymorphs have been crystallized from this solvent, and are clearly distinguishable by color. The solubility of form I is lower in ethanol than in ethyl acetate, and in both solvents a clear positive deviation from Raoult's law is observed. In ethanol, form I has lower solubility than form III, and accordingly is more stable over the investigated temperature interval. Extrapolation of solubility regression curves indicates that there is a low-temperature enantiotropic transition point, below which form III is thermodynamically more stable. Slurry conversion experiments have established that this temperature is below -30°C. Solubility and melting data are well correlated by a recently developed semi-empirical model. All nucleation experiments resulted in nucleation of the stable form I. Based on nucleation induction times measured at different conditions of supersaturation and temperature, the interfacial energy of form I in ethanol is estimated to be 3.0 mJ/m 2 . Comparing experiments at different agitation rates, the nucleation induction time is observed to decrease with increasing agitation rate up to a point, then to increase again with further increase in the agitation rate. This trend corresponds to previously observed behavior for other compounds.
